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failure
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Glomerular hemodynamics in mercury—induced acute renal failure. As
manifest by tubular collapse and the virtual absence of flow into the
glomerulotubular junction (GTJ), filtration in most nephrons (SNGFR)
of rats poisoned with 9 mg/kg body wt HgC12 16 to 28 hours earlier was
virtually absent. Arterial colloid osmotic pressure (COPA) and Bow-
man's space pressure (PBS) were modestly depressed (P < 0.05 or
below), and mean blood pressure was reduced from 115 2 mm Hg
(sEM) to 97 1 mm Hg (P < 0.001). Glomerular capillary hydraulic
pressure (Ps), 25,6 1.3 mm Hg was some 24mm Hg lower than control
(P < 0.001) and yielded a net afferent effective filtration pressure (Pnee)
of 4.1 1.2 mm Hg. Excluding three rats with values greater than 10
mm Hg, Pnet averaged 2.0 0.9mm Hg (N = 17 rats) versus 20.0 1.8
mm Hg in controls (N = 10, P < 0.001), the former being statistically
almost indistinguishable from 0 mm Hg and barely able to support any
filtration. This decrease in Pg was caused by a major increase in
preglomerular resistance (R,J and a reciprocal fall in efferent arteriolar
resistance (RE), the RA/RE ratio of 7.2 0.8 being fourfold higher than
control (P < 0.001). Renocortical blood flow was not different from
control (P>0.2). A wide spread of Pg values in individual glomeruli and
the absence of tubular flow despite the appearance of i.v. injected
lissamine green in a quadrant of surface glomeruli suggested the
possibility of a greatly increased, glomerular capillary resistance. It is
concluded that reciprocal changes in RA and RE are the immediate
cause of filtration failure in this form of ARF and that, in the virtual
absence of filtration, tubular leakage can play no important role. Since
Ps was depressed in both the developmental and established phases of
ARF, tubular obstruction appears to play no direct role in the patho-
genesis of this particular model of murine acute renal failure.
Acute renal failure (ARF) in man is characterized by a
markedly depressed, whole kidney filtration—rate, normal renal
venous wedge pressure suggestive of a normal tubular pressure
[1, 2], and severe, renal cortical ischemia [3—5]. Different
experimental models of ARF have been utilized to determine
whether other factors—tubular obstruction and indiscriminate
leakage of filtrate in particular—might play a major contributory
role in this syndrome. In recent years, particular attention has
been paid to renal failure induced in rats by prolonged renal
artery clamping, a model in which glomerular capillary pressure
and renocortical blood flow initially are well preserved and
failed filtration is largely attributable to tubular outflow obstruc-
tion [6—8]. By contrast, high—dose mercury poisoning has been
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found to cause a progressive decline in glomerular filtration
with a parallel fall in proximal tubular hydrostatic pressure that
suggest a quite different pathogenesis [9]. There is some con-
cern, however, that indiscriminate leakage of filtrate proximal
to the tubular fluid collection—site might cause the degree of
filtration impairment to be overestimated in micropuncture
studies of this and other renal failure models. In the present
study, therefore, we have used a variety of techniques to
determine whether filtration is or is not maximally suppressed
in rats with high—dose mercury poisoning, and have employed
studies of glomerular dynamics to determine whether hemody-
namic factors alone are able to acount for failed filtration or
whether other abnormalities must be superimposed in this
particular form of murine ARF.
Methods
Female Munich—Wistar rats weighing 144 to 188 g were
obtained from TIMCO (Houston, Texas, USA) or Simonsen
Laboratories (Gilroy, California, USA). Previous studies have
shown no difference in the several measured parameters of
glomerular dynamics in normal representatives of the two
substrains 110]. Mercuric chloride, 9 mg/kg body wt, was
injected subcutaneously and experiments were performed 16 to
28 hours later. The rats were fasted after mercury injection but
were allowed free access to water.
Studies of overall renal function
The rats were anesthetized with 50 mg/kg body wt sodium
pentobarbital i.p., the bladder was catheterized, a tracheosto-
my was performed, and femoral arterial and venous cannulae
were inserted. Two milliliters of plasma obtained from normal
(for control rats) or similarly treated, mercury injected donors
was given i.v. and followed by a volume of isotonic saline
equivalent to the weight loss (if any) sustained in the interval
after mercury injection. Saline was infused at 0.035 mllmin or
0.043 mI/mm throughout the study thereafter.
The left kidney was exposed through an abdomino-flank
incision and prepared for micropuncture in standard fashion
[10]. 14-Carbon labelled inulin, 40 tCi in 1 ml 150 m saline,
was injected i.v. and infused continuously at 0.0375 mllmin in
11 control rats and 15 rats with ARF for inulin clearance (C1)
measurements; was not measured in the remaining 16 ARF
rats in this series. Twenty minutes thereafter, the bladder was
emptied, a 100 pi blood sample was obtained for measurement
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of plasma '4C activity, and urine was collected for a period of 53
to 69 minutes. Blood samples were obtained at the approximate
half—time and termination of the clearance period. During this
procedure, the kidney surface of each ARF rat was surveyed
under the dissecting microscope to assess the appearance of the
tubular epithelium, tubular patency and the presence or ab-
sence of luminal debris. A bolus of 0.1 ml 5% lissamine green
(LG) solution was injected i.v. and the appearance (or lack of
appearance) of green coloration in Bowman's space and super-
ficial tubules was recorded. Injections were repeated when
needed to permit close inspection of individual glomeruli. The
disappearance of dye was recorded as a function of time.
Photomicrography was employed on occasion to obtain a fixed
record of the appearance and disappearance of dye in Bow-
man's space when coloration was detected (Nikon PFM sys-
tem, Nikon FX camera body, Nikon MS-i flash unit, Tokyo,
Japan; Ektachrome ASA 100 daylight film, Eastman Kodak,
Rochester, New York, USA).
Trace volumes of 0.1% LG in 140 m saline were injected
with 4 O.D. micropipettes directly into Bowman's space of 59
glomeruli of mercury poisoned (ARF) rats and 25 normal
glomeruli until the injectate appeared at the glomerulotubular
junction (GTJ). The GTJ was identifiable in 77 percent of
surface glomeruli so injected. The injection pipette was left in
situ to minimize the possibility of leakage from the injection
site, and the disappearance of dye from Bowman's space and
the early proximal tubule was recorded as a function of time. A
droplet of 1 Cs viscosity silicone oil (that is, the viscosity of
water) was colorized with 1/10 its volume of Sudan black and
the stained light mineral oil was injected directly into the GTJ.
Any movement of the silicone into the proximal tubule was
observed and recorded. The pipette in Bowman's space was
examined after removal to assure that filtrate had not entered its
tip and avoided entry into the tubular system in that manner.
Nephron filtration rates (SNGFR) were measured in two
ways: 1.) by quantitative, timed collection of filtrate appearing
at the GTJ; or 2.) with the classical nephron inulin—clearance
technique using '4C-inulin and randomly—selected proximal
tubule puncture—sites. In the former, a trace volume of LG-
stained saline was injected into Bowman's space through a 3 to
4 s O.D. pipette until it just entered the GTJ. The injection
pipette remained in situ. A second micropipette, 7 to 8 O.D.,
was inserted at the GTJ where a segment of light mineral oil was
injected to isolate its tip from fluid in more distal segments.
Filtrate was collected quantitatively over a one to two minute
timed interval in control rats and for two to six minutes in rats
with ARF. Volumes of collectate were measured in 0.5 d
precalibrated constant—bore capillary tubes (Drummond, Broom-
all, Pennsylvania, USA). Since filtrate is not subject to tubular
absorption at this site, SNGFR was considered equal to the
timed volume of collectate obtained (V). SNGFR was calcu-
lated from the standard nephron inulin clearance as:
SNGFR = (TF/P)1 V
where (TF/P)1 is the tubule fluid:plasma inulin concentration
ratio measured by liquid scintillation counting with automatic
quench correction.
Stopped flow pressure (Pf) in Bowman's space was deter-
mined in 23 glomeruli of 9 additional ARF rats with a servo-nul
capacitance device as described below. This parameter was
measured primarily as yet another test for filtration failure with
the rationale that ongoing filtration in totally occluded nephrons
would cause a progressive rise in PBS until filtration pressure
equilibrium was attained. After measuring the free flow pres-
sure (PBS), a segment of castor oil, 4 to 5 tubule diameters long,
was injected into the GTJ, and Bs was monitored for the
succeeding two to three minutes. Washout of the oil precluded
measurements of Psf in normal rats and, since control values for
Psf were not considered essential to this study, no attempt was
made to set up a wax injection system to obtain this informa-
tion.
Hydrostatic pressure in 43 randomly selected, proximal tu-
bule segments (Ps) of ARF rats and 24 nephrons of 8 control rats
was measured by water manometry [9] with 10 to 12 O.D.
micropipettes filled with LG-stained 150 m saline. After
obtaining each P value in ARF rats, the water reservoir was
raised in 5 cm H20 steps until fluid flowed freely into the
nephron. The appearance of intraluminal debris and its move-
ment into more distal tubular segments (if observed) at a given
luminal hydrostatic pressure was recorded.
Studies of glomerular hemodynamics
Studies of glomerular hemodynamics were performed on a
separate series of 20 mercury poisoned and 11 control rats. The
animals received the standard volume of plasma and saline prior
to study. A 100 pi arterial blood sample was then taken for
measurement of colloid osmotic pressure (COPA) by direct
osmometry (Instrumentation for Physiology and Medicine, San
Diego, California, USA). The kidney surface was surveyed as
above and LG was i.v. injected to obtain a qualitative estimate
of the spectrum of nephron filtration and flow in each rat. The
hydrostatic pressures in Bowman's space, randomly—selected
proximal tubules, glomerular capillaries and star vessels were
measured using 1 to 2 s O.D. pipettes filled with 2 M NaCl and
a servo-null capacitance device (David Smith, Chapel Hill,
North Carolina, USA). The transducer output and mean arterial
blood—pressure were monitored simultaneously with paired
Stathem—Gould transducers (23Db) and a Gould 2202 recorder
(Statham Instruments, Oxnard, California, USA). Strict criteria
for the acceptability of capillary pressure tracings, described
elsewhere [101, were scrupulously followed. Multiple measure-
ments of BS or Pt, Pg and were attempted in each animal.
Two or more measurements of Pg were obtained in most
available glomeruli together with PBS. Pg in each glomerulus
was paired with its own PBS value but, since star vessels are
rarely identified with the parent glomerulus on the kidney
surface, Pstar values were taken randomly. An arterial blood
sample was taken for repeat COPA measurement at the end of
each experiment. The transcapillary hydrostatic pressure dif-
ference (zP) for each glomerulus was estimated as:
= Pg — PBS
where Pg is the mean value for that glomerulus. Afferent net
filtration pressure (Pnet) was determined as:
Pnet = Pg — COPA — PBS
where COPA is the mean of the pre- and post-micropuncture
COP values.
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In mercury poisoned rats, the virtual absence of filtration
precluded the estimation of glomerular blood flow (GBFA) and
thus absolute values for RA and RE. Since afferent blood flow
(GBFA) equals efferent blood flow (GBFE) in the absence of
filtration, however, the ratio of RA to RE could be estimated as:
RAt RE = (MAP — Pg)/(Pg — Pstar)
the terms GBFA and GBF that appear as the denominators in
the usual equations for calculating RA and RE then cancelling.
The same procedure was then followed in normal animals by
assuming GBFE to be 0.85 GBFA according to an average
normal filtration fraction of 0.3 found in two prior studies
performed on the same rat substrains in this laboratory [10, 11].
Renal cortical blood—flow was determined with minor modi-
fications of the hydrogen washout technique of Aukland, Bower
and Berliner [121, as described in detail elsewhere [13, 14].
Previous studies have shown excellent agreement between
blood flows obtained with this method and those obtained by
quantitative renal venous blood collection in both normal and
ARF rats, r = 0.99, P < 0.001 [14]. Measuring electrodes were
fashioned from lOOj. diameter, insulated platinum wire (Sig-
mund Cohn, Mt. Vernon, New York, USA), the tips were
scraped and sharpened prior to their introduction at three
widely separated sites in the outer 1 to 2 mm of cortex.
Approximately 2% hydrogen was administered through an open
nose cone, and tissue hydrogen activity was measured ampero-
metrically with a differential amplifier system. Air was substi-
tuted for hydrogen when full scale current deflection was
attained, and recordings were begun some 15 seconds later to
avoid the effects of hydrogen recirculation. Cortical blood flow
(CBF) was calculated from the measured half—time of hydrogen
washout (t112 using the rate equation [12]: CBF 0.693/t112,
which expresses blood flow in units of ml/min g cortex. Any
curves that failed to yield linearity of log current versus time for
at least two half—times were rejected. At the end of each
experiment, the renal pedicle was ligated, and the kidney was
excised and weighed to permit correction (relative to controls)
for interstitial edema in ARF rats, as described previously [15].
Whole kidney blood flow (RBF) was measured with an electro-
magnetic flow probe (Carolina Medical Electronics, King,
North Carolina, USA) simultaneously with CBF in seven
normal rats and seven rats 24 hours after mercury injection. The
left renal artery was isolated and surrounded with a precalibr-
ated flow probe of a circumference that yielded brisk pulsation
on the recorder without excessive arterial compression. The
position of the probe was adjusted to provide the maximal blood
flow value.
Serum creatinine concentration was measured at the end of
each experiment using a Clay—Adams Accu-Stat' automated
system,
Statistical analyses were performed according to Snedecor
and Cochran [161. In this report, all means are expressed 1
SEM.
Results
Whole kidney GFR and estimates of nephron filtration
Virtual anuria precluded the quantitation of whole kidney GFR
in seven of the 15 ARF rats in which this parameter was
measured. The C1 of the remaining four animals averaged 0.02
0.02 ml/min, while that of 11 control rats used in this aspect
of the study was 1.9 0.2 mI/mm. MAP of the rats utilized for
clearances was 103 2 mm Hg, a value not different from 103
1 mm Hg in the entire series (N = 15) but significantly lower
than 114 1 mm Hg obtained in controls. Inulin clearance
measurement was not attempted in the remaining 17 ARF
animals (MAP 101 2 mm Hg) because of the extreme
reduction found in the others. However, no animal had a serum
creatinine concentration below 2.6 mg/dl at the time of study
(control 0.4 0.06 mg/dl).
The kidney surface of rats injected with HgCI2 16 to 28 hours
earlier had a mottled, tan appearance very similar to that
obtained after injection with 12 mg/kg body wt mercuric chlo-
ride in an earlier study [91. The vast majority of tubules were
either totally collapsed or their lumens were greatly reduced in
size. The tubular epithelium had a grayish hue but surface
glomeruli appeared normal. Peritubular capillary blood flow
was judged to be normal or moderately reduced in most
animals.
The appearance and disappearance of intravenously injected
lissamine green and the coloration of the glomerular tuft were
not distinguishable from control, but proximal tubule segments
were colorized in only a small mionrity of nephrons. Deep
portions of the kidney of 11 ARF animals immediately assumed
a diffuse, pale green hue which lasted for some 30 seconds to
three minutes. Whether this finding, which was never seen in
normals, represented dye filtered by deep cortical nephrons or
the presence of lissamine green in the interstitium is unclear. On
close inspection, pale green coloration could be seen in a
crescent shaped segment of Bowman's space of approximately
one—third of surface glomeruli (Fig. 1). The dye became pro-
gressively pale, usually showed no tendency to diffuse into the
remainder of Bowman's space and disappeared in some 12 to 30
seconds without appearing in early proximal tubule segments
(Fig. 1).
When LG-stained isotonic saline was injected directly into
Bowman's space until it just entered the GTJ, the glomerular
fluid typically decolonzed within 20 seconds, while that which
had reached the early proximal tubule became progressively
pale but usually was still detectable for two to three minutes
(and up to 8 mm in some instances) after injection. The diameter
of the GTJ lumen containing the injectate appeared to shrink
very slowly over a matter of minutes, an indication that fluid
absorption was greatly impaired even at this most proximal
segment of the tubule. In some instances, indeed, the GTJ
remained fluid filled despite the slow disappearance of dye.
Injectate was seen to be propelled spontaneously from the GTJ
into the tubule in only 15 of 59 nephrons injected, and then
usually at an almost imperceptible rate.
Droplets of 1 cs viscosity silicone oil injected directly into the
lumen of the GTJ so as to occlude outflow from the glomerulus
also moved very slowly or not at all (Fig. 2). In no instance was
Bowman's space seen to become distended with filtrate after
occlusion of the GTJ. Proximal tubule pressure (Ps) measured
by direct water manometry in 41 randomly—selected proximal
tubule segments was 10.3 0.3 mm Hg, a value lower than 12.0
0.2 mm Hg obtained by the same method in normal rats used
as controls for this portion of the study, P < 0.05. Isotonic
saline usually could be injected into these nephrons at a
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Fig. 1. The kidney surface 24 hours after s.c. injection of 9 mg/kg body wt of HgCI2. Note the typical gray tan, granular appearance of the
mercury—poisoned tubular epithelium and collapse of tubule lumens. A Immediately after i.v. injection of lissamine green (LG), green coloration
can be seen in a crescent shaped segment of Bowman's space in each of the two glomeruli in this field. B Photographed 30 seconds later, the LG
has disappeared without either colorizing all of Bowman's space or entering the glomerulotubular junction.












Pt and often propelled masses of luminal debris down the
tubule. The tubular epithelium at the site of pressure measure-
ment was judged to be very friable and LG-stained injectate
sometimes appeared in the subcapsular interstitium around the
injection site. By contrast, fluid that had been pushed into more
distal segments away from the injection site was never observed
to leak into the subcapsular space. Subcapsular coloration was
sometimes observed, however, if fluid was then injected di-
rectly into this more distal fluid column where leakage had not
been evident before. Such leakage, at least, appeared to be
induced by damage incurred by pipette insertion and fluid
injection.
In 33 attempts to measure SNGFR by quantitative fluid
collection at the GTJ of ARF rats, only six nephrons yielded
volumes that were adequate for accurate measurement ( 10 nl
total) in a 2.8 to 5.5 minute time period; SNGFR in these
nephrons ranged from 1.9 to 4.7 nllmin. Totally collapsed
nephrons, which were in the majority, were exempted from this
aspect of the study. SNGFR measurements based on quantita-
tive fluid collection from the GTJ of normal rats (25.9 1.1
ni/mm, N = 13) corresponded closely with the inulin clearance
estimates obtained by classical random tubular puncture (27.4
0.9 nL/min, N = 14), P > 0.3).
Single nephron filtration fraction (SNFF) was determined
from the activity of '251-labelled bovine serum albumin in
arterial (I*A) and star vessel (I*E) plasma, as described else-
where [11]. Thirty—three such determinations in 11 mercury
poisoned rats yielded a mean I*E/I*A ratio of 1.08 0.04 SEM
and a mean SNFF, estimated as (1 — I*A/I*E), of0.07 0.04,
a value statistically indistinguishable from 0. At the same time,
however, this value is not provably statistically different from
0.15 (mean 1.96 SEM). Thus, while consistent with the other
findings of failed filtration, these results do not provide unqual-
ified confirmation for total filtration failure. Furthermore, a
mere 5% error in the individual estimates of I*A and I*E in the
total absence of filtration yields an uncertainty in the SNFF
estimate of 0.10. Because of this marked sensitivity to small
analytic errors at very low filtration fractions and because of
technical factors in star vessel blood collection which seemed to
greatly increase this uncertainty in the Hg poisoned rats, it was
deemed fruitless to pursue estimates of SNFF in the remaining
studies.
Studies of renal hemodynamics
In a separate series of 20 mercury poisoned rats, i.v. LG
injection and placement of 1 cs viscosity silicone oil at the GTJ
again showed the virtual absence of filtration in the overwhelm-
ing majority of nephrons. Volumes adequate for measurement
were rarely obtainable from the GTJ despite prolonged collec-
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Fig. 2. Values for net afferent filtration pressure (Pnet) obtained in individual glomeruli of mercury poisoned ratS. Glomeruli are labelled as A, B
or C within the same rat, and separate values for each glomerulus are shown with their mean. With PBS and COPA constant for a given glomerulus,
the variation in Pnet is due entirely to intraglomerular differences in P values. Where only one successful measurement of P was obtained in a
glomerulus, the values are shown to the right.
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Table 1. Studies of glomerular hemodynamics
HCtA
mild!
MAP COPA PBS Pg Pstar gnat
mmHg RA/REb
Control (1l) 46 115 14.0 13.8 49.6 14.4 20.0 1.8
SEM 1 2 0.3 0.6 1.6 0.5 1.8 0.2
N 11 11 11 22C 25 38 1OC be
HgCI2(20)a 43 97 11.1 11.3 25.6 12.3 4.1 7.2
SEM 1 1 0.2 0.6 1.3 0.4 1.3 0.8
N 20 20 19 38 38 63 20 20
Abbreviations are: HctA, systemic hematocrit; MAP, mean arterial
blood pressure; COPA, systemic colloid osmotic—pressure; PBS,
Bowman's space pressure; Pg, glomerular capillary pressure, values for
each glomerulus averaged; P,, post-efferent arteriolar ("star vessel")
pressure; P,,, net afferent filtration pressure, Pg (COPA + PBS).
a Number of rats in each category. N is number of animals for MAP,
HctA and COPA, and the number of star vessels or glomeruli from which
values were obtained. Each value for Pg is the mean of all measure-
ments in a given glomerulus.b RA/RE (dimensionless) is estimated as (MAP — Pg)/(Pg — Ptar), the
value in controls being corrected for a filtration fraction of 0.30.
PBS values for one rat were excluded by Chauvenet's criterion,
reducing N to 10 for normal PfleI and RA/RE ratio.
11.4 0.8 mm Hg (N = 45), a value slightly but significantly
lower than control (Table 1), P < 0.05. Pstar, 12.3 04 mm Hg
(N = 20), was some 1.8 mm Hg lower than the control value of
14.1 0.5mm Hg(N = 38), P <0.01. Pg in 38 nephrons of ARF
rats averaged 25.6 1.3 mm Hg, a mean far lower than 49.6
1.6 mm Hg (N = 40) obtained in controls (P < 0.001).
Arterial blood pressure (MAP) of this subgroup of ARF rats
was significantly reduced (98 1 mm Hg vs. 114 2 mm Hg in
controls, P < 0.001). Mean COPA also was reduced by some 3
mm Hg (11.1 0.2 mm Hg vs. 14.0 0.3 mm Hg, P < 0.001).
Nevertheless, afferent net filtration pressure (Pnet) of ARF rats
was depressed to 4.1 1.2 mm Hg (N = 20) relative to the
control value of 19.6 1.7 mm Hg (N = 11). As may be seen
from Figure 2, multiple measurements of Pg in individual
glomeruli of ARF rats often yielded a remarkably wide spread
of values. Thus, while two to four measurements within indi-
vidual glomeruli of normal rats provided a mean range of 5.4
0.8 mm Hg (N = 12), the intraglomerular range of Pg values in
rats with ARF averaged 8.2 1.4 mm Hg (N = 29). Perhaps
because of the great variability in range observed between
glomeruli of the latter animals, however, this difference did not
achieve statistical significance (P > 0.2).
With GBFA assumed to closely approximate GBFE in the
virtual absence of filtration (Methods), the mean RA/RE ratio in
mercury treated rats was 7.2 0.8 while that of control rats
corrected for a filtration fraction of 0.30 was 1.8 0.2, a value
comparable to the ratio of 1.6 estimated from individual RA and
RE values for normal rats of the same substrain in a previous
study [101.
Stopped flow pressure, Psf, of ARF rats was 13.2 1.1 mm
Hg and differed from the free flow PBS (11.0 10.6mm Hg) by
+1 mm Hg or less in 17 of the 24 nephrons in which this
parameter was examined. The estimated mean Pg of 24.2 1.2
mm Hg calculated from Pgf was in good agreement with the
directly measured Pg mean value of 25.6 1.6 mm Hg obtained
in other nephrons, P> 0.4.
Renal cortical blood low (CBF) of 10 mercury poisoned rats,
corrected for a 24 3.4 percent increase in renal mass (P <
0.001), was 6.9 0.6 ml/min . g cortex, a value not significantly
different from 7.8 0.4 mI/mm . g cortex found in 10 controls
(P> 0.2). MAP of this subgroup of ARF rats was 104 1 mm
Hg while that of controls was 124 3 mm Hg, but total cortical
vascular resistance was not different in the two groups (15.9
1.4 mm Hg. min/ml . g cortex and 15.9 0.8 mm Hg min/ml . g
cortex, respectively). Whole kidney blood flow of mercury
poisoned rats, 5.8 0.4 mI/mm g kidney, was not significantly
different from that found in controls (5.4 0.9 mI/mm g kidney,
P > 0.05).
Discussion
Other investigators have characterized the abnormalities in
glomerular dynamics that occur in rats with gentamicin toxicity
[17, 181, partial renal ischemia [19], and early uranium poison-
ing [20, 21]. Studying the partial ischemia model, Daugharty Ct
al [19] found reduced filtration attributable exclusively to de-
creased glomerular blood flow (GBFA) which in turn reflected
equal increases in pre- (RA) and postglomerular resistance (RE).
There was no change in glomerular permeability (Kf) or proxi-
mal tubule pressure (Ps), and inulin leakage could not be
documented. Blantz [20] discovered a major decrease in K,' and
leakage of the reduced volume of filtrate formed by rats studied
in the first two hours after uranium injection. GBFA was
normal. A marked increase in both glomerular capillary pres-
sure (Pg) and P left net filtration pressure unchanged, the high
Pg indicating a decrease in RA and an equivalent rise in RE—
exactly the inverse of our findings here (see below). Baylis,
Rennke and Brenner [17] found a decreased Kf as the sole cause
of impaired filtration after gentamicin poisoning, and detected
no abnormality in resistances, P, GBEA or tubular inulin
permeability. These various models thus showed results that
differed greatly from each other. It should be noted, however,
that filtration was depressed by only one—third to one—half in
each of those studies, and more comparable results might have
been obtained if full renal failure had been present. Prolonged
renal artery clamping causes maximal depression of whole
kidney GFR that is directly attributable to tubular obstruction
[6—81, Pt being massively increased. Since P cannot be higher
than Pg, the latter also must have been very well maintained
and, as manifest by the return of brisk filtration when tubular
pressure was vented, no major alteration in K was apparent
[6—8]. Incomplete recovery of inulin signaled its leakage, se-
questration within obstructed nephrons, or both [6].
Very recently, Conger and Falk [22] have reported on the
glomerular dynamics of ARF induced with 3.5 mg/kg body wt
("low dose") mercury poisoning, In that study, Pg, Pt, Pstar,
SNGFR and renal blood flow were all normal while the whole
kidney inulin clearance (C1) was only 10% of control. Tubular
microinjections revealed major leakage of inulin, 18% of the
amount injected into the tubules of one kidney appearing in the
urine from the other over a 20 minute time period; 31% was
excreted by the ipsilateral kidney in the same time. Tubular
leakage, rather than an abnormality in glomerular dynamics,
thus was reported to be the essential cause of renal failure, a
finding diametrically opposed to the findings here with a larger
Hg dose and quite disparate from the reports of Flamenbaum et
al [23] and Olbricht et al [24] who found no evidence of tubular
leakage after more comparable mercury dosages. However,
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that result is consistent with the reports of Bank, Mutz and
Aynedjian [25] and Steinhausen, Eisenbach and Helmstadter
[26] who found evidence for substantial leakage of inulin after
low—dose mercury poisoning.
As indicated by whole—kidney inulin clearances or serum
creatinine concentrations, rats in the present study given a
much higher dose of mercury experienced very severe renal
failure. Although the mean arterial blood—pressure of these rats
was somewhat lower than conlrol in most instances, equally
marked renal failure was found in animals with entirely normal
blood pressures. Any weight loss attributable to mercury in-
duced diuresis was fully restored before studies were begun,
and plasma was given in an amount that should have offset
changes in blood volume incurred during preparation for micro-
puncture studies. The animals' serum protein concentration and
hematocrit—the remaining extrarenal determinants of filtra-
tion—were somewhat low, a direction of change that tended to
support, rather than inhibit, filtration. Hence, recognizable
extrarenal factors did not contribute substantially to the mea-
sured filtration deficit.
Micropuncture studies confirmed that this extreme reduction
in whole kidney GFR reflected true filtration failure. As seen
previously after injections of 12 mg/kg body wt mercuric
chloride [91, the vast majority of surface nephrons were col-
lapsed and devoid of fluid. In normal kidneys, intravenously
administered lissamine green (LG) totally fills Bowman's space,
immediately enters the proximal tubules and, propelled by fresh
filtrate, quickly washes out of the most distal surface convolu-
tions of the proximal tubule. Although trace quantitites of dye
could be appreciated within a crescent shaped segment of many
glomeruli of mercury poisoned rats after i.v. injection, colora-
tion was rarely seen to either fill Bowman's space or to flow into
and beyond the glomerulotubular junction (GTJ). This unique
finding is illustrated in Figure 1. LG-stained saline solution
injected directly into Bowman's space under manometric con-
trol also disappeared promptly, while dye—stained fluid that had
entered the GTJ usually remained there, quite static, for several
minutes after the glomerular coloration had been lost. More-
over, silicone oil droplets with essentially the same viscosity as
water remained where placed for several minutes after injectiOn
into the lumen of the GTJ, and it would appear that filtration
was too scant to propel either this material or the LG stained
saline down the nephron.
Glomerular filtration has been found greatly reduced in
several previous micropuncture studies of fully established
experimental acute renal failure [6—9, 23—37], but the validity of
that finding has been challenged on the grounds that much of the
filtrate formed might in fact have leaked from the proximal
tubule before reaching the collection site. The possibility that
measurements of SNGFR might be underestimated in that
manner was precluded in the present study where punctures
were performed directly at the GTJ. Although the mean
SNGFR of normal animals measured by quantitative collection
of filtrate from the GTJ was not different from that obtained
using the conventional tubular inulin clearance technique (P>
0.2), only an occasional nephron of mercury poisoned rats
provided sufficient fluid for accurate quantitation ( 10 nl total
volume) over collection times of two to five minutes. Most
nephrons yielded no fluid at all and, although a notable degree
of variation in individual values for the estimated nephron
filtration fraction was found, the mean value closely approxi-
mated zero. With some confidence that the vanishingly low,
whole kidney GFR in this model of murine ARF truly does
reflect the virtual cessation of filtration in the vast majority of
nephrons, we then examined various parameters of glomerular
dynamics to determine the cause.
Glomerular filtration is promoted by Pg and opposed by both
Pt and the COP of blood coursing through the glonerular
capillaries. In the present study, Pg was reduced to a value only
slightly higher than one—half normal. Despite a 3 mm Hg
decrease in arterial COP and a slight decrease in PBS, the
estimated mean afferent net filtration pressure (Pnet) of 4.1 1.3
mm Hg was far lower than the normal value of 20 mm Hg (P <
0.001). Even this low mean value was "skewed" upward by the
values obtained in three rats whose Pnet averaged more than 10
mm Hg (Fig. 2), the mean of 2.0 0.9 mm Hg found in the
remaining 17 animals being statistically almost indistinguishable
from zero and unable to sustain any reasonable degree of
filtration. In short, filtration failure was directly attributable to
a marked reduction in glomerular, capillary hydraulic pressure.
Glomerular capillary pressure is set by MAP and the pre-(R)
and postglomerular (RE) resistances acting in concert. The very
low Pg observed here thus would have to represent an increase
in RA, a decrease in R or both. Unfortunately, individual
values for RA and RE cannot be determined unless GBFA is
known, and GBFA, calculated as SNGFRJSNFF(1-HctA), is not
estimable in the virtual absence of filtration. With negligible
filtration, however, blood flow entering the glomerulus equals
that leaving. As a result, the denominators of the equations
customarily used in calculating RA and RE are essentially equal
and cancel when these two resistances are expressed as their
ratio. The RA/RE ratio of rats with fully established ARF thus
could be calculated by applying only the measured values for
MAP, Pg and Pstar, and it is this ratio, rather than either
resistance alone, that determines Pg [38]. In mercury poisoned
rats, the RA/RE ratio of 7.2 0.8 estimated in that manner was
some four times higher than control.
Measured with implanted platinum electrodes [13], renal
cortical blood flow (CBF) of our mercury poisoned rats was
indistinguishable from control (P > 0.1). This technique has
been shown to provide blood flow estimates that agree very
closely with those obtained by direct measurement of the renal
venous effluent in this and other murine ARF models [14], and
whole kidney blood—flow measured with an electromagnetic
flow probe in the present study also was not different from
control. There appears to have been no major intrarenal redis-
tribution of blood flow between the outer and inner cortex in the
mercury poisoned animals. If, therefore, we tentatively assume
that GBFA, like CBF, is essentially normal, the remarkable
decrease in Pg found here must reflect a major increase in RA
and a comparable reduction in RE. Indeed, the 13 mm Hg
pressure drop across the efferent arteriole (iE) of mercury
poisoned rats in this study was only 37% of control; since E =
RE . GBFE, this small efferent pressure drop must reflect a
significant reduction in RE at any assumed value for GBFE
greater than 37% of normal. At the same time, any decrease in
blood flow occurring in association with decreased postglomer-
ular resistance and a reasonably maintained arterial blood
pressure could only be accounted for by assuming a substantial
increase in RA. Thus, whether GBFA was quite as well main-
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tamed as CBF or not, it would seem that the markedly de-
pressed Pg found here was the result of a substantial increase in
RA and a major reduction in RE. The possibility of such
reciprocal resistance changes in at least some models of murine
acute renal—failure has been postulated previously [15, 391 but,
to our knowledge, this is the first actual documentation of that
phenomenon.
Wherever possible, two or more measurements of Pg were
obtained in each superficial glomerulus in an attempt to obtain
reasonable precision of the estimate [101. The mean range of
values with two to four measurements of Pg made within
individual glomeruli of normal rats was 5.4 0.8 mm Hg, while
that in the mercury poisoned rats averaged 8.2 1.4 mm Hg.
Perhaps in part because of the wide SEM found in ARF rats, this
difference was not statistically significant (P > 0.2). Factored
by the very different mean values for Pg in mercury poisoned
rats and controls (25.6 mm Hg vs. 49.6 mm Hg), however, the
degree of variation of Pg found in individual glomeruli of the
ART rats was much larger (P < 0.01). Since Pg cannot rise and
fall randomly in a freely anastomosing capillary network, such
marked intraglomerular variation in Pg, if not totally artifactual,
would have to represent an orderly axial fall in Pg that could
only be attained if glomerular capillary resistance (Rcap) were
greatly enhanced. Moreover, it seems doubtful that the full
range of Pg values established by an increase in Reap could be
detected with presently available techniques since, with the two
vascular poles of the glomerulus concealed, random punctures
of the tuft are likely to be concentrated in intermediate capillary
segments with only occasional punctures at either extreme.
The seemingly unique finding that intravenously injected
lissamine green often appeared in a crescentic segment of
Bowman's space only to disappear without filling that structure
or entering the GTJ (Fig. 1) lends some credence to the
possibility of an increased Reap. Clearly, filtration was not
totally absent in nephrons that showed LG in a segment of
Bowman's space after i.v. injection, but virtually no filtrate
appeared at the GTJ of such nephrons. Where, then, did the
filtrate go? In the absence of any more acceptable explanation,
it seems reasonable to suggest that the small volume of filtrate
formed was reabsorbed back into the glomerular capillaries, an
eventuality which would presuppose that the hydraulic pressure
in early capillary segments was high enough to promote at least
some degree of filtration, while that more distally was reduced
to a degree that would provide a negative net filtration pressure
and the reabsorption of virtually all of the filtrate formed.
Network modeling has shown that filtration could not be
abolished on that basis alone, however, unless Reap were raised
to a value many times higher than the normal sum of RA and R
[40]. A solitary change in Reap thus cannot be considered the
direct cause of filtration failure in any ARF model where blood
flow is reasonably well maintained. Nevertheless, modeling
shows that, with an RA/RE ratio of 7.2 and an assumed normal
GBFA as in the present study, a twenty-fold increase in Reap
from a putative basal value of 5 x l0— mm Hg mm/nI would
provide a Pg at the capillary's root of some 30 mm Hg, while the
terminal capillary pressure would be 20 mm Hg [401. A small
volume of filtrate would be formed in the early part of the
capillary under these conditions but the axial pressure drop
along the capillary would ultimately provide an increasingly
negative, net filtration pressure more distally that would pro-
mote the absorption of most or all of the filtrate formed [401.
Random glomerular punctures then would be expected to yield
a mean value for Pg comparable to that obtained here. We thus
regard a major change in Reap as a possible component of this
particular model of murine ARF although its cause and its
actual contribution to the development of renal failure are
presently unclear.
Decreased glomerular hydraulic—permeability has been in-
criminated as a prime contributor to failed filtration in some
ARF models [17, 201, but it seems doubtful that such a
mechanism is present in models where SNGFR can be largely
restored by tubular venting [6, 27]. The ultrafiltration coefficient
(Kf) cannot be determined when filtration is too scant for
quantitative measurement as in the present study, however, and
it is thus uncertain whether there might have been some
derangement of Kf in addition to the fall in Pg found here.
Indeed, 3 of 20 ARF rats displayed mean net filtration pressures
of 10 mm Hg or greater (Fig. 2) but still produced little or no
filtrate. With such well—maintained filtration pressure, one
might suggest that the glometular filtration barrier of these
animals had been rendered essentially impermeable. Such a
conclusion might be overly presumptuous, however, in view of
the marked variation in Pg encountered and the limited sampling
obtained, the fact that Pnet of the remaining rats averaged only
2.0 0.8 mm Hg, and the possibility that at least some filtrate
was formed only to be reabsorbed back into distal segments of
the capillary bed. A possible contribution of Kf change to the
development of filtration failure in this particular model thus
must await further study.
In the course of these experiments, fluid injected into proxi-
mal tubules at a manometrically controlled pressure of 12 to 15
mm Hg often was seen to propel clumps of debris into more
distal convolutions of the injected nephron. It has sometimes
been assumed that any such intraluminal debris necessarily
obstructs urinary outflow and thus plays an etiologic role in the
development of ARF. However, detritus shed into tubule
lumens has no means of escaping from the tubule system unless
propelled down the nephron by ongoing filtration. The presence
of tubular debris can thus be either the cause or the result of
filtration failure, and a primary causative role can be proven
only when BS is known to be markedly increased and Pg is
sufficiently well maintained to provide a reasonable filtration
rate but for the high BS• The normal nephron responds to acute
obstruction of the tubule or ureter by increasing P or PBS to 40
to 50 mm Hg [41], and comparably—high tubular pressures have
been found in the first 24 hours of renal failure produced by
renal artery clamping [6—8]. Since Pg cannot be lower than PBS
and thus also must have been normal or increased, tubular
outflow obstruction clearly plays the key pathogenetic role in
that model as well as in the norepinephrine [42] and folic acid
[43] models in the rat. Here, however, as in previous micro-
puncture studies of high—dose mercury poisoning [9] and glyc-
erol induced ARF [23 31], Pt and BS were not elevated in
either the developmental or established phases of ARF. A
direct contribution of tubular obstruction to impaired filtration
thus was not demonstrable, and one must conclude that the
pathogenetic mechanisms at work in mercury—induced acute
renal failure are quite distinct from those of the "obstructive"
models.
Deeply stained, isosmotic saline injected into previously—col-
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lapsed proximal tubules of mercury treated rats were absorbed
extremely slowly and remained unabsorbed for up to several
minutes even when introduced directly into the GTJ. Evidently,
active salt and water uptake in the entire accessible portion of
the proximal tubule was grossly reduced. However, even
controlled injections performed as gently as possible under
manometric control caused some of the most severely—damaged
surface tubules to leak the stained injectate into the subcapsular
space. Such leakage was confined to the immediate vicinity of
the pipet tip, while fluid—filled nephron segments at some
distance from the injection site were never seen to colorize the
overlying tissue. It seemed that the gross leakage of fluid at the
injection site may well have reflected disruption induced by
insertion of the pipet and fluid injection rather than serving as a
reliable indicator of the tubule's permeability when undis-
turbed. Regardless, tubular leakage can influence overall renal
function only when a reasonable volume of filtrate is presented
to the leakage site and, since several independent methods
showed the virtual absence of filtration in most nephrons, it
would have been of relatively little consequence in this partic-
ular study whether the absorption barrier was abnormal or not.
In sum, major reciprocal changes in RA and RE were found to
reduce Pg and hence net filtration pressure, to a degree that
made filtration failure inevitable whether any change in Kf and
tubular permeability were superimposed or not. A contribution
of tubular obstruction to impaired filtration could not be dem-
onstrated in either the developmental or sustained phase of
renal failure produced with this dose of HgCl2. A substantial
increase in glomerular capillary resistance may accompany
HgCI2 induced ARF, although its importance to the overall
change in glomerular function cannot presently be assessed.
Reprint requests to Donald E. Oken, M.D., Box 160, MCV Station,
Richmond, Virginia 23298-0001, USA.
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